background: An ectopic pregnancy is a pregnancy which occurs outside of the uterine cavity, and over 98% implant in the Fallopian tube. Tubal ectopic pregnancy remains the most common cause of maternal mortality in the first trimester of pregnancy. The epidemiological risk factors for tubal ectopic pregnancy are well established and include: tubal damage as a result of surgery or infection (particularly Chlamydia trachomatis), smoking and in vitro fertilization. This review appraises the data to date researching the aetiology of tubal ectopic pregnancy.
Introduction
An ectopic, or extra-uterine, pregnancy is defined as a pregnancy implanted outside of the uterine cavity with over 98% implanting in the Fallopian tube (Walker, 2007; Varma and Gupta, 2009 ). Approximately 1-2% of all pregnancies in Europe and the USA are ectopic and in the Western world tubal ectopic pregnancy remains the most common cause of maternal mortality in the first trimester of pregnancy (Farquhar, 2005; Varma and Gupta, 2009 ). In the developing world, the incidence is much higher and 1 in 10 women admitted with a diagnosis of tubal ectopic pregnancy ultimately die from the condition (Leke et al., 2004) . The major risk factors for tubal ectopic pregnancy include: tubal damage as a result of surgery or infection (particularly Chlamydia trachomatis), smoking and in vitro fertilization (IVF; Pisarska et al., 1998; Tay et al., 2000; Bouyer et al., 2003; Varma and Gupta, 2009) . Current data addressing the underlying cause of tubal ectopic pregnancy are mostly descriptive. However, it supports the hypothesis that it is caused by a combination of (i) retention of the embryo within the Fallopian tube due to impaired embryotubal transport and (ii) alterations in the tubal environment allowing early implantation to occur. Herein, we discuss these data, including the contribution of the above risk factors and the limitations of the studies to date.
Methods
Pubmed was searched using the terms 'Fallopian tube' and 'ectopic pregnancy' for studies published between 1999 and 2009. For a study to be included, it needed to be primarily focused on elucidating a functional mechanism behind one of the known risk factors for tubal ectopic pregnancy, such as cigarette smoking, C. trachomatis infection or IVF. Studies which were solely epidemiological in nature were not included.
Embryo-tubal transport
Tubal smooth muscle contractility and ciliary beat activity
Transport of the embryo through the Fallopian tube is controlled by smooth muscle contraction and ciliary beating (Halbert et al., 1976; Lyons et al., 2006b) .
Muscle contraction produces oscillating movements in the isthmus of the tube that can modulate (speed or slow) transport through the Fallopian tube (Perez et al., 2000) . Stimulation of alpha adrenergic receptors promotes contraction of the oviductal muscles, although stimulation of beta receptors inhibits contractions (Samuelson and Sjostrand, 1986) . Adrenergic neurons may not be the primary means for controlling embryo transport since experimental depletion or inhibition of these neurons does not prevent transport nor decrease fertility (Eddy and Pauerstein, 1980) . The sex steroid hormones and other factors produced by the oviduct itself, such as prostaglandins (Ziganshin et al., 2004; Wanggren et al., 2006; Wanggren et al., 2008) , nitric oxide (NO; Ekerhovd et al., 1997; Ekerhovd and Norstrom, 2004) , prostacyclin (Arbab et al., 2002) and cAMP (Lindblom et al., 1980) may also modulate muscle contraction and play a lead role in embryo transport (Lindblom et al., 1978; Arbab et al., 2002) .
In addition to tubal smooth muscle contractility, embryo-tubal transport is influenced by ciliary activity (Jansen, 1984) , which is controlled by factors such as sex steroid hormones (Paltieli et al., 2000) and IL-6 (Papathanasiou et al., 2008) . Factors found within ovarian follicular fluid, which enter the Fallopian tube at the time of ovulation, have also been shown to affect tubal ciliary beat frequency (Lyons et al., 2006a) . Although the relative importance of each of these mechanisms is unclear, there is evidence that ciliary action plays a dominant role in the movement of the embryo. When tubal smooth muscle activity is inhibited by isoproterenol, a b-adrenergic agonist, there is no difference in total embryo transit times through the Fallopian tube, suggesting that the cilia alone are capable of transporting the embryo within a suitable time frame to allow successful intrauterine implantation to occur (Halbert et al., 1976 (Halbert et al., , 1989 . Furthermore a Fallopian tube containing a tubal ectopic pregnancy demonstrates a marked reduction in the number of ciliated cells in comparison with an intrauterine pregnancy of the same gestational stage (Vasquez et al., 1983) . Marked de-ciliation is also sometimes seen subsequent to a tubal ectopic pregnancy and in biopsies from women undergoing tubal surgery who later develop a tubal ectopic pregnancy (Vasquez et al., 1983) .
Nitric oxide and nitric oxide synthase
NO is reported to play a role in the regulation of smooth muscle cell tone, platelet aggregation, cell growth, apoptosis, neurotransmission and infection-induced immune reactions (Afanas'ev, 2007) . NO is produced from L-arginine in a reaction that is catalyzed by nitric oxide synthase (NOS), of which there are three isoforms: constitutively expressed endothelial (eNOS), neural (nNOS) and inducible (iNOS; Moncada and Higgs, 1993) . NO is expressed by the Fallopian tube and has been shown to have a relaxing effect on tubal smooth muscle. Administration of iNOS inhibitors has been shown to increase tubal smooth muscle contractility in the rat (Ekerhovd et al., 1997; Perez et al., 2000) . NO synthesized by iNOS has also been shown to increase ciliary beat frequency in epithelial cells of the airway (Jain et al., 1995) , suggesting that NO may play a similar role in controlling ciliary beat in the Fallopian tube. In a recent study, iNOS mRNA and protein levels were shown to be greater in the Fallopian tube of women with tubal ectopic pregnancy compared with pseudopregnant women (Al-Azemi et al., 2009a) . Together these results suggest that, in tubal ectopic pregnancy, increased iNOS levels contribute to increased expression of NO which may result in altered Fallopian tube smooth muscle contractility and/or ciliary beat frequency, which may lead to embryo retention.
Interstitial cells of Cajal
Interstitial cells of Cajals (ICCs) have recently been shown to be expressed in the human Fallopian tube (Popescu et al., 2005; Shafik et al., 2005) . In the gut, ICCs play a role in muscle contractility by mediating neurotransmission between enteric nerves and the smooth muscle (Sanders, 1996) . In mice, chlamydial infection was found to cause a loss of ICCs along the length of the oviduct and resulted in an absence of spontaneous contractions of the oviduct (Dixon et al., 2009) . Cyclooxygenase-2 (COX-2) and iNOS were found to be up-regulated in the oviducts of these Chlamydia-infected mice and blockage of NOS prevented the loss of spontaneous contractions. These results suggest that the inflammatory response due to chlamydial infection results in up-regulation of iNOS causing a disruption in pacemaker activity of the ICCs. It is possible that this loss of pacemaker activity results in a disruption of smooth muscle contractility which may slow transport of the embryo through the oviduct.
Prokineticins
The prokineticins, PROK1 and PROK2, have angiogenic actions but are primarily known for their function as regulators of specific and potent contractions of smooth muscle (Maldonado-Perez et al., 2007) . They are the cognate ligands for two closely homologous G protein-coupled receptors, PROK receptor (PROKR) 1 and PROKR2, through which either PROK can signal (Maldonado-Perez et al., 2007) . PROKs were initially reported to be expressed in the gastrointestinal tract, where they were shown to directly stimulate contraction of the ileum longitudinal muscle of guinea pigs (Li et al., 2001) . The opposing effect of PROKs on relaxation through a NO-mediated mechanism has also been reported recently in the proximal colon in mice (Hoogerwerf, 2006) . PROKR mRNA levels are lower in Fallopian tube from tubal ectopic pregnancies than in midluteal phase Fallopian tube collected from non-pregnant women. The PROKs and their receptor proteins are localized to the smooth muscle of the Fallopian tube (Shaw et al., 2010) . PROK1 has been shown to up-regulate COX-2 levels in the endometrium (Evans et al., 2008) . COX-2 is a member of the cyclooxygenase family of enzymes responsible for the conversion of arachidonic acid into prostaglandin, and has been shown to play a role in implantation in mice (Lim et al., 1997) . The human Fallopian tube is known to express COX-1 and COX-2 (Arbab et al., 2002) and some prostaglandins have recently been reported to increase the contractility of smooth muscle in the Fallopian tube (Wanggren et al., 2008) . It is possible that reduced PROKR expression in Fallopian tube from women with tubal ectopic pregnancy contributes to impaired smooth muscle contractility and dysregulated embryo-tubal transport through the cyclooxygenases, COX-1/COX-2 and subsequent production of prostaglandins. Alternatively, the reduced PROK1 levels observed in Fallopian tube from women with ectopic pregnancies may simply be the result of lower maternal serum beta-human chorionic gonadotrophin (hCG) levels observed in tubal ectopic pregnancy. hCG increases PROK1 expression in the endometrium (Evans et al., 2009) , and generally, tubal ectopic pregnancies have lower hCG levels than normal intrauterine pregnancies (Pittaway et al., 1985; Kadar et al., 1993) . The signalling downstream of PROKR1 in the Fallopian tube warrants further investigation.
Endocannabinoids
In mice, genetic and pharmacological silencing of the endocannabinoid receptor, CB1, has been shown to cause embryo retention within the Fallopian tube, resulting in pregnancy failure (Wang et al., 2004) . Embryo retention was reversed by the addition of a b-adrenergic receptor agonist which suggested that CB1 may play a role in controlling Fallopian tube contractility (Wang et al., 2004) by regulating the release of noradrenaline. In humans, CB1 has been shown to be localized to the epithelial and smooth muscle layers of the Fallopian tube and CB1 expression was found to be lower in Fallopian tube from women with tubal ectopic pregnancy compared with Fallopian tube tissue from non-pregnant women (Horne et al., 2008) . Furthermore, in this study a possible association between polymorphism genotypes of the gene encoding for CB1, CNR1 and tubal ectopic pregnancy was demonstrated. The demonstration of a potential role for CB1 in the aetiology of human tubal ectopic pregnancy is important. Cigarette smoking is a major risk factor for tubal ectopic pregnancy and there is evidence of altered oviductal transport in rats exposed to nicotine (Yoshinaga et al., 1979; Farquhar, 2005) . Chronic exposure of rats to nicotine affects brain endocannabinoid levels in a region-specific manner (Gonzalez et al., 2002) . This crosstalk may also exist in the human female reproductive tract in humans and explain (at least in part) the association between cigarette smoking, Fallopian tube dysfunction and tubal ectopic pregnancy.
The tubal environment

Sex steroid hormone receptors
Knowledge of Fallopian tube sex steroid hormone receptor dynamics is important for furthering understanding of normal human Fallopian tube physiology, gene expression changes in the Fallopian tube in response to progesterone and disorders of Fallopian tube function, such as tubal ectopic pregnancy. Levels of progesterone receptor (PR) protein and its isoform PR-B (at an mRNA level) have been shown to be significantly reduced in Fallopian tubes from women with tubal ectopic pregnancy (Land and Arends, 1992; Horne et al., 2009) . This may offer an explanation for the absence of adequate tubal decidualization observed with tubal ectopic pregnancy (Randall et al., 1987) . Mice deficient in PR fail to mount a decidual response and a recent study in humans has shown that PRs regulate distinct gene networks and cellular functions in decidualizing endometrium (Lydon et al., 1995; Cloke et al., 2008) . In addition, estrogen receptor alpha (ERa) protein has been shown to be absent in the Fallopian tube of women with tubal ectopic pregnancy . Although this may reflect the limitations of the immunohistochemical approach used, receptor protein is readily detected in Fallopian tubes obtained from women undergoing hysterectomy and who report normal menstrual cycles. ERa gene polymorphisms have been associated with female infertility (Corbo et al., 2007) , and ERa has been shown to serve as a dominant regulator in Fallopian tube development in the rat (Mowa and Iwanaga, 2000) . Furthermore, a recent study in mice has identified a molecular mechanism for ERa-mediated tubal protein synthesis and secretion that appears to be important for successful embryonic development (Shao et al., 2007) . Further studies are required to determine whether ERa plays a critical role in Fallopian tube physiology and to establish whether reduced translation or enhanced degradation may contribute to reduced expression of protein.
Uteroglobin
Uteroglobin is a low molecular weight peptide which was initially identified in uterine secretions (Beier, 1968) . It belongs to the secretoglobin family of molecules that are secreted from epithelial cells and have anti-inflammatory properties (Klug et al., 2000) . Uteroglobin expression has been shown to be modulated by estrogen and progesterone in the female reproductive tract of rabbits (Shen et al., 1983) . The secretory epithelial cells of the human Fallopian tube have been shown to express uteroglobin (Quintar et al., 2008) and uteroglobin levels have been shown to be increased in Fallopian tubes from women with tubal ectopic pregnancy and in women with pelvic inflammatory disease (PID; Quintar et al., 2008) . Interestingly, decreased expression of uteroglobin was observed at the implantation sites in Fallopian tubes from women with tubal ectopic pregnancy compared with adjacent sites within the tube (Quintar et al., 2008) . These results suggested that uteroglobin expression is regulated by the presence of the embryo in tubal ectopic pregnancy. Increased expression of uteroglobin in Fallopian tubes from women with tubal ectopic pregnancy and PID may result in an abnormally increased anti-inflammatory phenotype which may result in the increased expression of factors associated with implantation and a subsequent increase in receptivity within the Fallopian tube epithelium.
Interleukin-1 and interleukin-8
Interleukin-1 (IL-1) is a pro-inflammatory cytokine produced by epithelial cells in response to infection and is comprised of two agonists, IL-1 alpha and IL-1 beta (Hvid et al., 2007) . Binding of IL-1 to its receptor results in initiation of downstream signalling pathways including mitogen-activated protein kinase (MAPK) and extracellular signalregulated kinase (ERK), which stimulate expression of interleukin-8 (IL-8). IL-8 is an inflammatory chemokine which is associated with immune response-mediated tissue damage through the recruitment of neutrophils (Mukaida et al., 1998) . Expression of IL-8 has been found to be induced in the human Fallopian tube in response to chlamydial infection (Mukaida et al., 1998) and this increase in IL-8 expression in response to C. trachomatis was found to be ERK dependent (Buchholz and Stephens, 2007) . Treatment of chlamydial-infected Fallopian tube explants with an IL-1 inhibitor has been shown to inhibit tissue damage caused by infection (Hvid et al., 2007) . Implantation is known to induce a local proinflammatory response within the uterus which works to control migration, invasion and differentiation of the implanting embryo (Garlanda et al., 2008) . Through the activation of signalling pathways, including cytokine, chemokine and integrin pathways, the embryo is guided towards the implantation site in a similar manner as leukocytes are guided towards an inflammatory site (Dominguez et al., 2005) . It is likely that inflammation associated with tissue damage, in the Fallopian tube, may provide signals to the embryo that promote tubal implantation.
Leukemia inhibitory factor
Leukemia inhibitory factor (LIF) is a cytokine which has been demonstrated to be essential for murine implantation in a LIF knock-out mouse model (Stewart et al., 1992) . Furthermore, hCG produced by the blastocyst has been shown to regulate LIF expression in the development of a receptive endometrium (Perrier et al., 2004; Evans et al., 2009) . Increased LIF expression has been found in Fallopian tube from women with tubal ectopic pregnancy compared with Fallopian tubes from non-pregnant women (Guney et al., 2008) , which was proposed to be the result of increased serum hCG levels present during pregnancy. However, more recently, LIF expression was found to be higher at the implantation site of tubal ectopic pregnancy compared with sites elsewhere in the Fallopian tube suggesting that increased serum hCG was an unlikely cause (Ji et al., 2009) . It has been proposed that locally produced high levels of LIF arise from an exposed stromal surface in the Fallopian tube, resulting from epithelial shedding due to chronic salpingitis and that LIF facilitates implantation of the arrested embryo. Thus, these data provide a potential mechanism linking chronic pelvic inflammation to tubal ectopic pregnancy.
Homeobox protein A10
Homeobox protein A10 (HOXA10) is a transcription factor which acts as a regulator of cell identity during development, and in mice has been shown to be necessary for implantation (Bagot et al., 2000) . Reduced expression of HOXA10 in the endometrium of mice has been found to result in fewer implantation sites and mice with a disruption in the HOXA10 gene were unable to support implantation and pregnancy (Bagot et al., 2000) . In Fallopian tubes from women with tubal ectopic pregnancy, HOXA10 expression has been found to be up-regulated at the site of implantation compared with elsewhere in the tube and expression levels approached that of HOXA10 expression reported in the pregnant endometrium (Salih and Taylor, 2004) . Up-regulation of HOXA10, specifically at the implantation site, in the Fallopian tube suggests that HOXA10 expression is controlled by the embryo, or may be expressed by the embryo, and indicates that dysregulated expression of HOXA10 may promote tubal implantation.
Integrins
Integrins are cell adhesion molecules that act as receptors for the extra-cellular matrix resulting in the activation of signal transduction pathways, leading to cell attachment (Lessey et al., 1992) . The integrins, a1b1, a4b1 and avb3, have been largely accepted as markers of receptivity to the presenting embryo in the uterus, and functional blockout of avb3 results in reduced implantation in the mouse (Lessey, 1998; Illera et al., 2000) . Furthermore, anandamide, the endogenous ligand for CB1, has been shown to regulate focal adhesion kinase, a tyrosine kinase involved in the regulation of integrin expression, linking these two groups of molecules in the control of tubal implantation (Derkinderen et al., 1996) . Knowledge of integrin expression in the Fallopian tube is limited, however, to one immunohistochemical study and it is not known whether a1b1, a4b1 and avb3 have a similar expression in the Fallopian tube as in the uterus or are aberrantly expressed in tubal ectopic pregnancy (Inan et al., 2004) .
Vascular endothelial growth factor
Vascular endothelial growth factor (VEGF) is a pro-angiogenic factor which has been reported to be present at higher levels in serum from women with tubal ectopic pregnancy compared with serum from women with intrauterine pregnancies (Felemban et al., 2002) . VEGF and its receptors, KDR and flt-1, have also been shown to be up-regulated at the implantation site in Fallopian tubes from women with tubal ectopic pregnancy compared with elsewhere in the Fallopian tube (Lam et al., 2004) . In addition, VEGF and VEGF receptor levels were found to correlate with serum hCG levels, indicating that VEGF and VEGF receptor expression could be influenced by signals from the embryo (Lam et al., 2004) . Hypoxia at the tubal implantation site may trigger increased VEGF expression by the embryo (Ikeda et al., 1995; Shore et al., 1997) . It is thought that increased VEGF promotes local angiogenesis increasing the supply of oxygen to the embryo thus favouring tubal implantation (Daniel et al., 1999) .
Mucin 1
Mucin 1 (MUC1) is an anti-adhesive, high molecular weight glycoprotein found on the surface of most epithelial cells, including those of the female reproductive tract (Gipson et al., 1997) . MUC1 is up-regulated in luminal and glandular endometrial epithelial cells during the implantation phase (Hey et al., 1994; Meseguer et al., 1998) and in vitro studies suggest that the human blastocyst produces factors that induce local removal of MUC1 to facilitate implantation (Meseguer et al., 1998) . Two recent studies have shown that MUC1 expression is reduced, and its glycosylation pattern altered, in Fallopian tube of women with tubal ectopic pregnancy (Savaris et al., 2008; Al-Azemi et al., 2009b) . The decrease in MUC1 expression and altered glycosylation in tubal epithelium from tubal ectopic pregnancy may reflect an increase in receptivity.
Trophinin
Trophinin is a membrane protein which has been shown to mediate adhesion between trophoblasts and the endometrial epithelium, when in complex with two cytoplasmic proteins, tastin and bystin (Aoki and Fukuda, 2000) . In the endometrium, trophinin expression is tightly regulated and it is predominantly expressed during the window of implantation (Kimber and Spanswick, 2000) . The Fallopian tube expresses very little trophinin when a pregnancy is intrauterine but Fallopian tubes from women with tubal ectopic pregnancy have been shown to strongly express trophinin, tastin and bystin (Nakayama et al., 2003) . In addition, Fallopian tube explants cultured with hCG have been found to have increased levels of trophinin transcript, suggesting that trophinin expression in the Fallopian tube is controlled by the presence of the embryo (Nakayama et al., 2003) . It has been postulated that signals from an arrested embryo in the Fallopian tube could cause increased expression of trophinin, tastin and bystin, contributing to a more receptive phenotype.
Activins
Activins are members of the TGF-b family of proteins and were initially identified for their activating effect on FSH in the rat pituitary gland (Ling et al., 1986) . Activins are secreted proteins formed through the dimerization of two inhibin b subunits. Three potential activin proteins exist: activin-A (bA-bA), activin-B (bB-bB) and activin-AB (bA-bB; Refaat et al., 2004) . The activins signal through serine/threonine kinase activin receptors of which there are two subgroups, I and II (Refaat et al., 2004) . Activins are usually co-expressed with a protein called follistatin which controls their activity through tight and irreversible binding to activin dimers (Shimonaka et al., 1991) . Using immunohistochemistry, activin and activin receptor protein levels have been shown to be increased in Fallopian tube from women with tubal ectopic pregnancy compared with Fallopian tubes from pseudo-pregnant women (see section Risk Factors; Refaat et al., 2008) . Conversely, mRNA transcript levels of activins and activin receptors were decreased (Refaat et al., 2008) . The authors suggest that this may indicate pathological secretion of activins and their receptors as causal in the development of tubal ectopic pregnancy. More recently, the activin bA subunit, activin receptors and follistatin have been reported to be increased in Fallopian tube from women with tubal ectopic pregnancy who were serologically positive for chlamydial infection or for the chlamydial HSP60 (CHSP60) protein compared with Fallopian tubes from women with tubal ectopic pregnancy who were C. trachomatis-or CHSP60-negative (Refaat et al., 2009) . Activins were shown to play a role in endometrial decidualization and are likely to be important for implantation through their up-regulation of MMP expression (Dimitriadis et al., 2005) . Increased activin expression, as a result of chlamydial infection, could cause dysregulated tissue remodelling within the Fallopian tube as a result of increased MMP expression. Activins increase NOS production (Nusing and Barsig, 1999) , suggesting that their increased expression in Fallopian tubes from tubal ectopic pregnancy aberrantly control tubal motility by affecting smooth muscle contractility and/or ciliary beat activity.
The innate immune system
Intra-epithelial lymphocytes
Within the epithelium of the Fallopian tube, intra-epithelial lymphocytes are thought to be responsible for allowing the embryo to pass through the Fallopian tube without activation of an immune response (Kutteh et al., 1990) . ER-b has been found to be co-expressed by CD8þ intraepithelial lymphocytes within the Fallopian tube and ER-b expressing lymphocytes may be regulated by progesterone levels over the menstrual cycle, with increased numbers of these cells present in the progesterone dominant mid-luteal phase of the cycle (Ulziibat et al., 2006 ). An increased number of ER-b positive intraepithelial lymphocytes are present in Fallopian tubes from women with tubal ectopic pregnancy suggesting that these cells may play a role in regulating the inflammatory response associated with tubal ectopic pregnancy.
Macrophages
Mounting of an immune response to infection can result in permanent scarring and damage to tissue, which is associated with the infiltration of macrophages. Macrophages are mononuclear phagocytes which are recruited to the site of tissue damage from the venous system by chemotactic signals (Osusky et al., 1997) . In Fallopian tube tissue from tubal ectopic pregnancy, the leukocyte population is predominantly macrophages and T-lymphocytes (Vassiliadou and Bulmer, 1998) . The population of macrophages found at the implantation site of Fallopian tubes from women with tubal ectopic pregnancy was found to be doubled compared with sites distant from the implantation site in the same Fallopian tube (Von Rango et al., 2001) . Macrophages play immuno-regulatory roles in the reproductive system and also produce growth factors and cytokines which function to repair tissue damage (Coussens and Werb, 2002) . Macrophages are also known to produce prostaglandins, which can alter tubal smooth muscle contractility, positively or negatively (Wanggren et al., 2008) . Increased numbers of macrophages in the Fallopian tube, as a result of infection, could lead to an increase in growth factors responsible for mediating tissue remodelling required for blastocyst implantation. Increased prostaglandin production by macrophages present in the Fallopian tube may also contribute to altered tubal motility, leading to retention of the embryo within the tube (Tonello and Poli, 2007) .
Natural anti-microbial peptides
The anti-protease and anti-microbial molecules, secretory leukocyte protease inhibitor (SLPI) and elafin are expressed in the human Fallopian tube and are up-regulated in tubal ectopic pregnancy and in response to chlamydial infection in a cell culture model . This suggests that SLPI and elafin are involved in the innate immune protection of the Fallopian tube during the normal menstrual cycle and may be important in the event of pathological conditions, such as infection and ectopic implantation. Although histological studies suggest there is little evidence for acute inflammatory changes at the site of a tubal ectopic pregnancy (Kutluay et al., 1994) , recent studies suggest that there are inflammatory changes at the molecular level. Elafin and, to a lesser extent, SLPI are known to be up-regulated by inflammatory stimuli including IL-1 (Sallenave et al., 1994; King et al., 2003; Williams et al., 2006) , and a shift towards a pro-inflammatory environment following chlamydial infection may result in their increased expression in tubal ectopic pregnancy.
Risk factors
Chlamydia trachomatis
Two recent systematic reviews of studies examining the risk of tubal ectopic pregnancy in women after genital C. trachomatis infection have demonstrated the absence of valid evidence of the attributable risk (Risser and Risser, 2007; Wallace et al., 2008) . In the latter review, only one study satisfied the authors' inclusion (Wallace et al., 2008) . This study was a longitudinal investigation measuring pregnancy rates in adolescent women with, and without, current chlamydial infection at baseline, and reported no significant difference in subsequent pregnancy rates (Katz et al., 1994) .
Difficulties in determining the effect of female genital chlamydial infection on reproductive outcome arise from flaws in specific study design and the lack of a reliable method for measuring a history of pelvic infection. Current assumptions on the risks of subsequent pregnancy problems, following pelvic infection, are based on retrospective case -control studies (Walters et al., 1988; Chrysostomou et al., 1992; Odland et al., 1993; van et al., 2004; Low et al., 2006; Bjartling et al., 2007; Machado et al., 2007; Bakken, 2008) . Many of these studies were performed on populations where tubal ectopic pregnancy is extremely common (or rare), or used data that do not account for misdiagnoses, and thus there is considerable error in the estimates of risk ratios (van et al., 2004; Bakken, 2008; Garnett, 2008) . Both retrospective and prospective case control studies on tubal ectopic pregnancy are prone to confounding variables which have not always been accounted for, such as the effect of other sexually transmitted infections (e.g. Neisseria gonorrhoea and syphilis) and smoking. Furthermore, in prospective studies, chlamydial infection can be reliably measured by nucleic acid amplification tests. In retrospective studies, a history of chlamydial infection is measured by the presence of a specific immune response (serum antibodies) using tests that can lead to misclassification due to a lack of sensitivity (Carder et al., 2006) .
In addition, the exact mechanism by which C. trachomatis infection leads to tubal ectopic pregnancy remains relatively unknown. There are experimental animal models (mainly in rodent species) of genital chlamydial infection that provide clues to disease pathogenesis. However, these experimental infections are usually conducted using defined infectious doses under highly controlled conditions for relatively short periods of time and in animals that have limited genetic variability. Consequently, care needs to be taken when interpreting the data for the pathogenesis of human chlamydial infections where all of the above factors vary greatly. Lower genital tract chlamydial infection may ascend to the upper reproductive tract and result in salpingitis. It has been proposed that an antibody response to the chlamydial heat shock protein (hsp-60) may cause a tubal inflammatory response leading to tubal blockage or a predisposition to tubal implantation (Ault et al., 1998; Bjartling et al., 2007) . Repeated infections with C. trachomatis are thought to increase tubal damage (Rank et al., 1995) . Review of the literature highlights the paucity of solid evidence base for the link between C. trachomatis infection and tubal ectopic pregnancy.
Cigarette smoking
A recent meta-analysis of clinical outcomes from assisted reproduction has shown that cigarette smoking significantly increases the risk of tubal ectopic pregnancy (Waylen et al., 2009) . However, the reason why smoking causes tubal ectopic pregnancy is not understood. Certainly, there is evidence that the Fallopian tube is a target for cigarette smoke. Embryo-tubal transport has been shown to be altered in both animals (rabbits and hamsters) and humans by the inhalation of cigarette smoke (Talbot and Riveles, 2005) . Study of the specific affect of nicotine on tubal transport is difficult as nicotine has a very short half-life (Benowitz, 1983) . Most studies investigating the effect of smoke on the Fallopian tube have been performed in rodents and relate to cigarette smoke's effect on ciliary beat frequency and smooth muscle contraction (Knoll et al., 1995; Riveles et al., 2004; Talbot and Riveles, 2005) . Other parameters of Fallopian tube functioning, such as the synthesis and secretion of Fallopian tube proteins, would provide further insight into how cigarette smoke affects Fallopian tube function.
In vitro fertilization
The first IVF treatment in 1976 resulted in a tubal ectopic pregnancy (Steptoe and Edwards, 1976) . The rate of tubal ectopic pregnancy following IVF still remains higher (approximately 2-5%) than the rate of tubal ectopic pregnancy with spontaneous pregnancy (1 -2%; Strandell et al., 1999; Farquhar, 2005) . The reason for the increased incidence of tubal ectopic pregnancy following IVF is unclear. The technique of embryo transfer is a potential cause but there is little evidence to support this. In addition, the risk of tubal ectopic pregnancy has also been reported to increase with the number of embryos that are transferred during IVF treatment (Weigert et al., 2009) . The altered endocrine environment due to controlled ovarian hyperstimulation may affect tubal function and embryo-tubal transport (Fernandez et al., 1991; Strandell et al., 1999) . Women who receive IVF treatment because of tubal factor infertility (usually the result of previous tubal damage due to surgery, infection or ectopic pregnancy) are at higher risk of developing a tubal ectopic pregnancy compared with women who undergo IVF because of male factor infertility (Strandell et al., 1999; Weigert et al., 2009) . However, this does not account for the overall increased risk of tubal ectopic pregnancy that is associated with IVF indicating that there are other contributing factors.
A recent study has proposed an 'embryo factor'. The cell adhesion protein, E-cadherin has been shown to be essential for blastocyst formation prior to implantation in the mouse where homozygous Ecadherin null embryos fail to implant (Larue et al., 1994; Riethmacher et al., 1995) . Further support derives from a recent study where the expression of E-cadherin at the tubal implantation sites of spontaneous tubal pregnancies and of tubal pregnancies following IVF were compared using immunohistochemistry (Revel et al., 2008) . E-cadherin protein was found to be more strongly expressed at the tubal implantation sites in the women with an IVF pregnancy compared with spontaneous pregnancy and was localized to the embryonic cells rather than the Fallopian tube epithelium (Revel et al., 2008) . This difference in localization of E-cadherin was attributed to the fact that 'IVF embryos' are exposed to a different growth factor and cytokine milieu during in vitro culture compared with naturally conceived embryos. As a result, it is proposed that such embryos are unable to implant within the uterus during its receptive period and instead migrate into the Fallopian tube and attach to the tubal epithelium.
Limitations of the current studies and ideas for future research
Human in vivo models
It is difficult, for ethical reasons, to collect Fallopian tube from women with healthy intrauterine pregnancies for comparison with Fallopian tube from women with tubal ectopic pregnancy. However, tubal biopsies taken from women undergoing surgery for tubal ectopic pregnancy compared with biopsies taken from non-pregnant women at hysterectomy during the presumed time of implantation (mid-luteal phase of the menstrual cycle when progesterone levels are elevated) have allowed for the systematic study of changes in the expression pattern of genes and proteins in Fallopian tubes from tubal ectopic pregnancy (Horne et al., 2008 King et al., 2009) . Information has also been derived from studies where tubal biopsies were collected from women injected with hCG in the days leading up to a hysterectomy, and pseudo-pregnancy confirmed by the presence of high serum progesterone levels and the decidualization of the endometrium (Al-Azemi et al., 2009a, b) . Unfortunately the doses of hCG required to mimic the changes that would be found physiologically 15 days beyond the luteinizing hormone surge (at the time of implantation) require too great a volume of injection to be safe or practical and it is debatable whether this has any more validity as a model for tubal ectopic pregnancy than a mid-luteal phase Fallopian tube biopsy.
Animal models
Several differences between primates (human and non-human) and animals suffering from tubal ectopic pregnancy exist primarily with regard to the site of ectopic implantation (Corpa, 2006) . In animals, the abdominal cavity is the most frequent extra-uterine implantation site and only three cases of tubal pregnancy in primates have been reported to date (Lapin and Yakovleva, 1963; Jerome and Hendrickx, 1982) . These differences may be due to varying placentation mechanisms occurring in different species. In some species, such as horse, pig and sheep, attachment is delayed whilst the embryo develops (Johnson and Everitt, 1995) . Attachment then occurs via multiple sites within the uterus and is followed by a non-invasive form of implantation. In humans, as well as in rodents and rabbits, placentation is achieved via a short period of attachment followed by invasive implantation of the uterus (Johnson and Everitt, 1995; Corpa, 2006) .
Nevertheless, important information pertaining to the aetiology of tubal ectopic pregnancy has been derived from rodent models (Wang et al., 2004) . Future studies should be aimed at inducing ectopic implantation in mice to generate useful animal models for tubal ectopic pregnancy. For example, mouse models employing conditional knock-in of specific genes important for implantation in the oviduct (i.e. COX-2, HOXA10 and LIF) may result in mice in which blastocysts (fertilized in vivo or in vitro) implant within the oviduct. Treatment of mice with agents aimed at directly disrupting tubal smooth muscle contractility and/or ciliary beat activity, such as PROK, CB1 or NO antagonists may also prove useful in developing an animal model for tubal ectopic pregnancy.
In vitro models
There are numerous studies which describe human co-culture methods using human embryos and endometrium for the study of endometrial biology (Gallery et al., 2001; Babawale et al., 2002; Carver et al., 2003; Li et al., 2003; Hoegh et al., 2006; Popovici et al., 2006; Hsu et al., 2008; Fafet et al., 2008; Helige et al., 2008; Grewal et al., 2008; Cohen and Bischof, 2009; Teklenburg and Macklon, 2009) . Similar studies using Fallopian tube, designed for further understanding of the aetiology of tubal ectopic pregnancy are lacking. This is primarily due to the problems associated with the use of cells from human Fallopian tubes for co-culture: human Fallopian tube tissues are not always available; isolation of the epithelial cells from the tubal tissues is technically difficult; the number of cells prepared for co-culture is variable at each opportunity; and tubal epithelial cells, grown in monolayer culture, lose morphological features associated with the epithelium in situ, such as cilia. To our knowledge, only two immortalized oviductal epithelial cell lines have been established (Ando et al., 2000; Lee et al., 2001) . Nevertheless, ex vivo culture and exposure of primary Fallopian tube explant tissue and/or Fallopian tube epithelial cells to factors known to increase the risk of tubal ectopic pregnancy (i.e. C. trachomatis, metabolites of cigarette smoke and inflammatory cues) may prove useful in delineating gene expression changes and signalling pathways important in Fallopian tube physiology and pathobiology. Co-culture studies with the above treated Fallopian tube explants and trophoblast tissue or embryos fertilized in vitro, similar to those by Landgren et al. (1996) where endometrial explants were co-cultured with embryos, would be useful in analysing gene expression changes induced by implantation in the Fallopian tube. Coupled with microarray and proteomic technologies, these studies would be invaluable in delineating similarities and differences between tubal and intrauterine implantation.
Conclusion
Current evidence suggests that tubal ectopic pregnancy results from Fallopian tube dysfunction causing embryo arrest and changes in the tubal environment (see summary of current data in Fig. 1 , and Tables I and II) . Inflammation within the Fallopian tube, resulting from infection or smoking, appears to affect embryo-tubal transport by disrupting smooth muscle contractility and ciliary beat activity. This inflammatory environment also provides many of the pro-implantation signals recognized by the arrested embryo, such as increased IL-8 expression and decreased MUC1 expression. Furthermore, an arrested embryo may facilitate the expression of pro-implantation factors in the uterus, such as LIF, uteroglobin, trophinin, HOXA10 and VEGF, which in turn signal the establishment of a tubal environment both suitable for and capable of implantation.
Studies on the aetiology of tubal ectopic pregnancy to date have however been largely descriptive and focused on dysregulated gene or protein expression, comparing Fallopian tube collected from women with tubal ectopic pregnancy and Fallopian tubes collected from non-pregnant women or women with a 'pseudo-pregnancy'. There has been very limited analysis of the functional consequences of the observed changes in gene or protein expression reported in these studies. This is largely due to the fact that the aetiology of tubal ectopic pregnancy is difficult to study. There are no suitable animal models because ectopic gestation is it rare in animals. Ethical constraints inhibit the collection of Fallopian tube biopsies from women with healthy pregnancies, making it difficult to obtain the ideal control for comparison to Fallopian tubes from women with tubal ectopic pregnancy. In addition, researchers have to rely on information derived from Fallopian tube biopsies taken from women with tubal ectopic pregnancy rather than prior to the event. It is difficult to ascertain whether the molecular changes observed predispose to tubal ectopic pregnancy, or whether they are simply the result of tubal implantation and/or the presence of the embryo. Furthermore, although the epidemiological risk factors for tubal ectopic pregnancy have been well documented, the exact mechanism by which infection, or smoking, leads to tubal implantation remains unexplained. Data thus far have been largely descriptive and mechanistically speculative. Studies focusing on investigating the functional consequences of smoking and infection on Fallopian tube physiology and pathobiology are urgently required. A greater understanding of the aetiology of tubal ectopic pregnancy is critical for the development of improved preventative measures, the advancement of diagnostic screening methods and the development of novel treatments. 
